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PERFORMANCE OF A SHORT COMBUSTOR AT HIGH ALTTTUDES
USING HYDROGEN FUEL

By Joseph N. Sivo and David B. Fenn

SUMMARY

An investigation was conducted in an altitiude test chamber at the
NACA Lewis laboratory to evaluate in a complete engine the performance
of a 16-inch-long combustor designed at the NACA specificelly for use
with gaseous-hydrogen fuel. The investigetion covered a renge of com-
bustor pressures from 1260 to 420 pounds per square foot absolute Ob-
tained by operating the englne over & range of slmulated altitudes from
66,000 to 86,000 feet at & flight Mach number of 0.8.

Combustion efficiencies of approximately 86 percent were obtalned
at a combustor pressure of 420 pounds per squsre foot absolute. This
was approximately the same as the efficiency obtained using hydrogen
fuel 1n a conventional turbojJet combustor having & 25-Inch length. At
& pressure level of 800 pounds per square oot &bsolute, the efficiency
of the short combustor was 1l percent higher than that of the standerd
combustor operating with JP-4 fuel. The stendard combustor using JP-4
fuel experiences blowout at approximately 65,000 feet. However, com-
bustor blowout was not experienced wlth hydrogen in the short combustor
at altitudes up to 86,000 feet. The minimum pressure at which ignition
was obtained was 280 pounds per square foot gbsolute. The combustor
pressure losses for both the standard and the short combustors were ap-
proximately the same.

INTRODUCTION

The desirability of extending the range and altitude capabilities
of ajrcraft has created interest in high-energy fuels. One fuel which
is currently receiving a great deal of atiention is hydrogen because of
its high gravimetrlic heating value, high fleme speed, wlde flammebility
limits, and large heat capacity, which mekes it a promlsing coolant.
Extension of engine operating limits to gltitudes as high as 90,000 feet
et a flight Mach number of 0.8 while retaining reasonably high combus-
tion efficlency has been demonstrated in an engine using geseous-hydrogen
fuel in a conventional combustor (ref. 1).
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The high flame speed, stable combustion, and good efficlency at low ‘
pressures demonstrated by this fuel suggest the possibility of shorten-
ing the combustor while still maintaining good performsnce. Shortening
the combustor offers the possibility of a significant saving in weight
in future engines. The feasibility of short combustors is indicated in
the combustor test rig investigations reported in reference 2.

An investigation was conducted in an altitude test chember at the
NACA Lewils laboratory to demonstrate the altitude performance character-
istics of a short hydrogen-burning combustor {(approx. 35 percent shorter
than the standard engine combustor) installed in & current turbojet en-
gine. The engine was operated over a range of altitudes from 66,000 to
86,000 feet at a flight Mach number of 0.8 and over a range of engine
speeds and temperature ratios in order to simulate a2 wide range of com-
bustor operating conditions. Data are presented to show the performance
of this combustor at several altitudes, and its performance 1ls compared
with data obtained using hydrogen fuel and JP-4 fuel in a conventional-
length combusStOrs ... - ... .. . . . e e mm e

APPARATUS
Engine »

An engine of current design equipped with an NACA-designed short
combustor was used in this investigation. The engine has an approximste
gea-level thrust rating of 8000 pounds.

Fuel

Gegeous-hydrogen fuel wlth a mole purlty of 98 percent was used.
Its lower heating value was 51,570 Btu per pound.

Combustor

A short snnular combustor utilizing hydrogen fuel was designed and
developed at the NACA Lewis laboratory. This combustor, which was used
for the full-scale engine invesgtigation reported herein, was deslgned on
the basis of pllot experiments in combustor rig tests reported in
reference 2.

The combustor was approximately 16 inches long, compared with the
standard hydrocarbon-burning combustor length of 25 inches. To avoid
extensive engine modification, the combustor was supported within the
standard engine combustor housing. A comperison sketch of the short v
combustor liner and the standsrd liner mounted in the engine combustor
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housing. is shown in figure 1. A sketch of the primary combustion zome,
flemeholder section, and fuel manifold system of the short combustor is
shown in figure 2. . _ . o . . _

Two combustor configurations were run and will be designated herein
as configurations A and B. The configurations differed only in the size
of the inner air baffle attached to the flameholder (see fig. 2}.

Installation and Instrumentation

The engine was installed in & 10-fooit-diameter altitude test cham-
ber. The instrumentation installed at various stastions throughout the
engine is shown in figure 3. Gas temperatures indicated by thermocou-
ples have been corrected for thermocouple radistion and recovery errors.
Fuel flow was measured with a callbrated ASME type orifice run.

PROCEDURE

Combustor performance data were obtained with configuration A over
a range of combustor-inlet total pressures from 1260 to 420 pounds per
square foot absolute, combustor-inlet total temperstures from 810° to
925° R, combustor air flows from 10.9 to 3.3 pounds per second, and com-
bustor fuel-ailr ratios from 0.004 to 0.007. The range of combustor oper-
ating conditions was obtained by operating the engine over a range of
simuleted altitudes from 66,000 to 86,000 feet at a flight Mach number
of 0.8. At each eltitude the engine speed and temperature ratio were
varied within the iimits prescribed by the engine manufacturer. For pur-
poses of comparison, performance data for configuration B were ocbtained
at 76,000 Tfeet at 100 percent rated corrected engine speed. Some data
for configuration B were also obtelned at the higher sltitudes.

For starting, the engine was windmilled st approximately 60,000
feet and ignition was initiated with & spark plug, which discharged from
the plug to the flameholder tralling edge.

RESULTS AND DISCUSSION
Operational Chearacterlstics

Neither the minimum combustor blowout pressure nor the rich or lean
combustor fuel-air ratio limits were obtained for this combustor during
the investigation, becasuse of limitations imposed by either the altitude
facility or the operdble range of the englne. Date were obtained for a
range of combustor pressures from 1260 to 420 pounds per square foot ab-
solute and of fuel-alr ratios from 0.004 to 0.007. With the engine
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windmilling it was determined, however, that the minimum combustor to-
tal pressure at which ignltion could be obtained was approximately 280
pounds per square foot absolute. This agreed closely with ignition deta
obtained in & combustor test rig on a similar combustor. Very stable
combustor operation was obtained over the range of conditions investiga-
ted, and the occurrence of mild compressor surge at low pressures did
not result in combustor blowout.

Combustor Performance

Because the performasnce of the combustor was evaluated when opera-
ting as part of the engine, 1t was not possible to isolate the effects
of the combustor-inlet pressure, tempersture, and velocity on combustor
performance. Therefore, the combustor performance data obtalned during
thils investigation are presented in their basic form in figure 4, which
shows the varlation of combustion efficiency with combustor total-
temperature ratio at three altitudes and several values of corrected
engine gpeed. The data cover a pressure range from 420 4o 1260 pounds
per square foot gbsolute and combustor-inlet temperstures between 810°
and 925° R. Combustion efficiencies were found to be between 85 and 99
percent, with the higher wvalues generally occurring at the higher com-
bustor pressures. The lncrease in efficiency with increased engine
speed at a given flight condition (fig. 4) is a result of increases in
both combustor-inlet temperature and pressures that accompanled an in-
crease 1n engline speed. An inability to melntain engine conditions con-
stant at an altitude of 76,000 feet resulted in the data scatier at this
operating condition.

The combustor performance datae for configuration B are shown in flg-
ure 4(c). An improved fuel control system was used during the investi-
gation of this configuration, which resulted in & reduction in the data
scatter at the low combustor operating pressures.

To show more directly the effect of combustor-inlet pressure on
combustor performance, all the data obtained during the investigation
are summerized in figure 5, which shows the variation of combustion ef-
ficiency with combustor-inlet pressure for configuretions A and B and
Pfor the standard combustor (ref. 1) operating with hydrogen fuel. Com-
bustion efficlency was approximately 97 percent at 1260 pounds per square
foot absolute and decreased to 86 percent at 420 pounds per square foot
absolute. The efficiency of the short combustor was approximately the
same a8 the standard combustor over the range of conditions investlgated.

At a combustor pressure of 800 pounds per square foot absolute, the
standard combustor operating with JP-4 fuel (see ref. 1) had an effi-
ciency of 83 percent, as compared with 94 percent for the short combustor
operating with hydrogen at this condition. The maximum operating
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altitude of the standard combustor using with JP-4 fuel is approximately
65,000 feet. The similarity in performance of conflgurations A and B in
the engine is in contradiction with the results obtained in combustor
rig tests, which indicated an Improvement in performance with configura-
tion B. The scaling necessary to adopt the test rig combustor to fit
engine requlrements, plus differences in combustor-inlet velocity pro-
files in the engine combustor, msy have resulted in the absence of any
difference between the two configurations irn the full-scale engine tests.

To fecllitate comparison of the short-combustor performance with
other combustors, the combustion efficiency data are also presented as
& function of the conventional performance parameter PT/VR in figure 6.

(A1l symbols are defined in the sppendix.) The reference velocity Vg
was calculated using the total combustor area, mass flow, total tempera-
ture, and total pressure at the combustor inlet. The combustor reference
velocity was approximately 78 feet per second for the range of combustor
conditions investigeated.

The combustor total-pressure loss shown iIn figure 7 was approxi-
mately 4 percent over the range of combustor operating conditions in-
vestigated. Thls compares with a 3.5-percent pressure loss with the
standard engine combustor.

Tempersture Profiles

A separate fuel control was used in each of the two menifolds to
permit some control of the combustor-outlet (turbine-inlet) temperature
profile (fig. 8). The difference in temperature across the passage
depth could bhe changed 250° by operating on alternate manifolds. There
was no noticeable change in efficiency for this range in temperature
gradient.

The fuel flow through each manifold was proportioned to give the
minimum combustor-outlet temperature gradient at a combustor pressure
of approximately 800 pounds per square foot absolute. This proportion
was maintained constant for the range of combustor conditions investi-
gated. The resulting combustor-outlet temperature profiles over the
renge of combustor operating conditions are presented in figure 9. There
was a circumferential temperature profile (fig. 9(a)) at the combustor
outlet, which is due to incomplete mixing of the ges stream at the tem-
perature survey station. There was little, if any, shift in radial pro-
file (fig. 9(b)) when combustor mass flow was varied, that is, englne-
speed variation at a constant combustor-outlet temperature. Likewise,
the everage radial profiles are unaffected by changes in combustor pres-
sure level (fig. 9(c)) and by changes in combustor fuel-air ratios (fig.
9{(d)). The temperature profiles at the turbine outlet for the same range
of conditions are shown in figure 10.
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SUMMARY OF RESULTS ¢

The range of operation of the short. combustor used in this investi-
gation was limited because of faclliity and engine limitatlons. However,
for the range of combustor conditions investigated, combustor blowout
was not encountered even though the combustor was operated down to a
combustor pressure of 420 pounds per square foot absolute and over a
range of fuel-gir ratios from 0.004 to 0.007. The minimum pressure at
which ignition was obtained was approximately 280 pounds per square foot
absolute.

At a pressure level of approximately 800 pounds per square foot ab-
solute, the short combustor operating with hydrogen had an efficiency of
84 percent as compared with 83 percent obtained using JP-4 fuel in the
standard engine combustor. This efficiency was also approximately the
same asg that of the standard combustor operating wlth hydrogen at this
condition. Combustion efficiency decreased at the low pressures in the
usual manner, dropping from 97 percent at 1260 pounds per square foot
absolute to 86 percent at 420 pounds per square foot absolute. With the .
standard combustor using JP-4 fuel, the maximm practical operating alti- .
tude was 65,000 feet; however, with the short combustor using hydrogen
fuel, combustor operation wes obtained at 86,000 feet. Thus, with hydro-
gen fuel 1t is demonstrated that the combustor length cesn be shoritened
appreciably, which offers the possibility of a substantial saving in
weight of future engines designed solely for this fuel.

Combustor-outlet temperature profiles were unaffected by pressure
level, fuel-air ratio, or combustor mass flow. The combustor pressure
losses for both the standard and the short combustors were approximastely
the same.

Lewls Flight Propulsion Leboratory
National Advisory Committee for Aeronautics
Cleveland, Ohioc, April 1, 1856

280%



4052

RACA RM ES6D24 -———— 7

APPENDIX - SYMBOLS

P total pressure

T total temperature
Vh reference velocity
h cambustion efficiency
Subsceripts:

0] free stream

1 venturi throat

2 compressor inlet

3 compressor outlet
3a  combustor inlet

4 turbine inlet

5 turbine outlet

g exhaust-nozzle inlet
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Station 0 1 2 3 3a 4 5 9
! ! | i | |
N S '
Station Number of probes
Temperature Pressure
1 8 Total
4 Wall static
2 8 Total 5 Total
4 Averaging rake
3 20 Total 20 Total
31 Total
3a 4 Wall static
1 Biream static
4 20 Total 20 Total
5 37 Total 24 Total
4 Skin 4 Wall static
9 24 Total 20 Total
4 8kin 4 Wall static

Figure 3. -~ Schematic drawing of engine showing instrumentation station locations.
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Conbustor- Combustor- Config- Combustor- Corrected
inlet total inlet uration Inlet total englne
pressure, elr flow, temperature, speed,
1b/sq £t abs 1b/sec °r percent
rated
o 1218-1260 11.0 A 890-910 108
A 1000-1140 10.2 A 840-870 100
100 A o
O— —0 A
A — O =
90
(2) Altitude, 66,000 feet.
g .
g Combustor-  Combustor- Config- Combustor- Corrected
4 inlet total inlet uration iIinlet total engine
- pressure, air flow, temperature, speed,
o2 1b/sq £t abs 1b/sec % percent
- rated
Ty
o (o} 1000-1050 8.8 A 880-915 108
o a 965-1030 8.7 865-880 106
o A 850-970 8.2 825-860 100
& 4 780-875 7.7 810-850 96
o QO 730-825 7.2 810-840 93
S 100 o
g 9 s o
2 86—
g e = —a°
a4
o / O 0
fay A~ QO
90 A
88.8 1.9 2.0 2.1 2.2 2.3 2.4

Coubustor total-tempersture ratio, T,/Ts, °R

(p) Altitude, 70,000 feet.

Figure 4. - Effect of combustor-inlet conditions on combustion efficiency
variation with combustor total-tempersture retio. Combustor reference
velocity of 78 feet per second; Mach number, 0.8.
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Conbustor- Combustor- Config- Combustor- Corrected
inlet total inlet uration inlet total engine
pressure, ailr flow, temperature, speed,
1b/sq £t ebs 1b/sec Sgr percent
rated
o] 740-765 6.4 905-925 108
O 680-720 6.3 887-896 106
A 640-725 6.0 845-875 100
a 605-630 5.5 850-870 96
Q 545-575 5.0 825-845 93
A 640-690 5.9 850-880 100
10
© 1la
]
]
4 O
___-Ml——_*-i-
9 T O A
8
.9 2.0 2.1 2.2 2.3 2.4

Combustor total-temperature ratio, T,/Tz, °R

Figure 4. - Concluded.

(c) Altitude, 76,000 feet.

Effect of combustor-inlet conditions on com-
bustion efficiency variation with combustor total-temperature ratio.
Cowbustor reference velocity of 78 feet per second; Mach number, 0.8.
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Coubustlon efficilency,

nb, percent

(o] Configuration A
® Configuretion B
a Standard combustor operating
with JP-4 fuel
— - Standard combustor (ref. 2)
100
o 0
(o) o 0 0
o (0] 0 o O
(o) 5] =0 -
(o} o 0o (j3.¢ () 3_1) - 0 o
90 —— e O
f/"-‘
/Cr
®
i [
80 ]
400 500 600 700 800 900 1000 1100 1200 1300

Conbustor-inlet total pressure, P , 1b/sq £t abs

Figure 5. - Variation of combustion efficlency with combustor-inlet total pressure.
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o Configuration A
L ]

Configuration B
e e Btandard cosbustor

,_.
g

8 p | o °o L% of 1%
o) AN ) — =" =
o d r__——"_‘_!_‘__o.oa -~ T° o

Combusticn efficiency,
T, Percent
[

5000

7000 a000 9000 10,000 11,000 12,000 13,000 14,000 15,000
Combuaticn paremeter, ;-I
R/3a

Figura 6, - Veriation of coabuetion efficiency with combustion pearemeter (%) .
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Combustor- Combustor- Config- Corrected
inltet total Inlet uration engine
pressure, air flow, speed,
1b/eq £t abs 1b/sec percent
rated
(@] 1218-1260 11.0 A 108
A 1000-1140 10.2 A 100
[2]
9 .06
o
o ] ol. ~O
=2 A = 10 | A
S
v 02
Py
-~ {a) Altitude, 66,000 feet; Mach number, O.8.
o
' Combustor- Combustor- Config- Corrected
&? inlet total inlet uration engine
-~ pressure, air flow, speed,
a 1b/sq £t abs 1b/sec percent
3 rated
—~
g (o) 1000-1050 8.8 A 108
@ () 965-1030 8.7 106
b A 850-870 8.2 100
E. a4 780-875 T.T 96
A o 730-825 7.2 93
3 .os
)
v a
5 ae | oo a a__
4 —'Q;-*)—%.Q_,,: O A
2 A O
= 4
8 .02
1.8 1.9 2.0 2.1 2.2 2.3 2.4

Combustor total-temperature ratio, T4/T5, °r

(b) Altitude, 70,000 feet; Mach number, 0.8.

Figure 7. - Variation of combustor total-pressure loss with combustor

total-temperature ratio.
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Combustor total-pressure loss, (PS - P4)/P3, 1b/sq ft abs

o NACA RM ES6D24
Combustor- Coubustor- Config- Corrected ~
inlet total inlet uretlion engine
pressure, alr flow, speed, .
1b/sq ft gbe lb/sec percent -
rated
>
o 740-765 6.4 A 108 &
0 680-720 6.3 106
A 640-725 6.0 100
.08 a 605-630 5.5 96
Q 545-575 5.0 93
A 64.0-690 5.9 B 100
0
Q A A
.04 A4 AT -
A ‘ O
a_la o
(=)
(o] .
(c) Altitude, 76,000 feet; Mach number, 0.8. i
Combustor- Conmbustor- Config- Altitude,
inlet total inlet uration £t
pressure, air flow,
1b/sq £t =bs 1b/sec
(o] 1000-1140 10.2 A 66,000
o 850-970 8.2 l 70,000
A 640-675 6.0 76,000
A 640-690 5.9 B 76,000
.08
A 4
.04 A—— A = o 4
4 o Al 4 y e
p A
0
1.9 2.0 2.1 2.2 T 2.30 2.4 .
Conbustor total-temperature ratio, T4/T3, R -

(a) Corrected engine speed, 100 percent rated.

Filgure 7. - Concluded. Variation of combustor total-pressure loss with
combustor total-temperature ratio.
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Indiceted turbine-inlet total

Tndicated turbine-outlet total

temperature, T,, °R

temperature, Is, °r

Manifold
(o] Both open
O Outer closed, inner open
A  Outer open, inner closed
2000
1800 //////k\
A/?n\\\
1600 }—2A4 :§¥§:ﬁt:::::]_—____:i:
\
¥--“*ik _§
. ~
1400 ) -
(8) Turbine inlet.
1600 A
&7 \
= :ﬁ\(\\
1400 ~\\EL\
1200 \\\“ Bk
\ \o\\u_ I
‘\Y&___ 4
A 3
/&
1000
0] 1 2 3 4 5

Pasgsage depth, in.
(b) Turbine outlet.

Figure 8. - Variation of turbine-inlet and -outlet total-
temperature profiles at three settlngs of inner and outer
manifolds. :



Turbine-inlet total tempersture, T,, °R

2200

2000

o AN
o

Ve

rodl

apdo

Rake Combustor- Corrected
angle, outlet total englne
deg temperature, speed,

percent
rated
0 2015 100
20
180
270

Angles measured clockwise looking
upstreamn

P

8

m

1600

(a) Bffect of circumferential

presgure of 971 pounds per square foot absolute.

location on

radial total-temperature profilie at combustor-inlet

2800
Combustor- Conmbugtor- Corrected
inlet outlet totel englne
alr flow, temperature, speed,
1b/sec %r percent
2000 0 8.8 2028 108
m] 8.7 2017 106
a B.2 2015 100
o 4 7.7 1974 96
R Q 7.2 1985 93
m
1800 '
0 1 a 3

Pagsage depth, in.

(b) Effect of combustor air flow on radial total-temperature profile. Reke angle, o°.

Figure 9. - Turbine-inlet indicated radial total-temperature profiles,
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Combustor- Conbustor-  Corrected
inlet total outlet engine
pressure, total speed,
lblaq £t ebs temperature, percent
%2 rated
[ 1142 2011 100
] 971 2015
A 725 2011
a 611 2011
% 518 2023
2200
2000 5~ /\l
i)
o
1
~
1800
o (c) Effect of cowbustor pressure level on average rediel total-
© temperature proflle.
~H -
E: Combustor Combustor- Combustor-
a fuel-air outlet Inlet
E ratio total air flow,
8 temperature, Ib/sec
5]
Y
3 o 0.0064 2015 8.2
=t = .0059 1925
3 4 .0053 1823
8 a .0048 1728
2 Q L0043 1629
=] 2100
-l
]
)
=1
-l
1900 o// 1 /’
| —1
e D A
/ -
M / K 4 /a
a7 A ~Na——
fata /»
—— §
4
15006 1 2 3 t

Passage depth, in.

(&) Effect of coubustor fuel-alr ratic on average radial total-
temperature profile.

Figure 9: - Concluded. Turbine-inlet indicated radlal total-temperature
profiles.
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Turbine-outlet total

temperature, Tg, °r

Coubustor- Combustor- Corrected
inlet totsl outlet totel englne
pressure, tempersture, speed,
1b/sq £t abs g percent
rated
o) 1142 2011 100
0 971 2015
A 725 2011
4 611 2011
% 518 2023
1800
160 k
+
8
14 &
2 3 5

Passage depth, in.

Figure 10. - Turbine-outlet indlcated radial total-temperature profile.
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